12 59 intraspecific diversity are intrinsically related and can be influenced by the same set of 60 adaptive and neutral processes (Lowe et al. 2017). For instance, in the case of non-neutral 61 genetic markers and adaptive traits, a positive GPIDC is expected when genetic and 62 phenotypic non-neutral diversity are directly affected by environmental conditions (through 63 selection and/or plasticity). In this case, both genetic and phenotypic α-diversity are expected 64 to be high in populations inhabiting highly heterogeneous environments, and both genetic and 65 phenotypic β-diversity are expected to be high between populations experiencing contrasting 66 environmental conditions (Leimar 2005, Hedrick 2006, Wang and Bradburd 2014. Genetic 67 and phenotypic diversity are also expected to be positively correlated if they are driven by 68 neutral processes such as drift and dispersal (but see Edelaar et al. 2008, Lowe and McPeek 69 2014), which can notably be the case for neutral genetic markers and phenotypic traits that are 70 weakly affected by selection (Hartl and Clark 2007). In that case, genetic and phenotypic α-71 diversity should be high in populations with large effective sizes and/or experiencing strong 72 immigration. At the β-level, genetic and phenotypic diversity should be high between 73 populations of small population sizes (Prunier et al. 2017) and/or geographically isolated from 74 one another (Hutchison and Templeton 1999). Finally, a positive GPIDC can be explained by 75 a direct relationship between genetic and phenotypic diversity, notably when genetic diversity 76 directly codes for the considered traits, or appropriately describes the whole genomic diversity 77 (Hoffman et al. 2014). Conversely, when genetic and phenotypic diversity are driven by 78 (uncorrelated) divergent processes, GPIDCs are expected to be weak and non-significant.
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(Appendix S1). Genotypes were analysed using GENEMAPPER 5.0 (Applied Biosystems©). 138 The presence of null alleles was assessed at each locus using MICROCHECKER 2.2.3 (Van 139 Oosterhout et al. 2004) . We also checked for gametic disequilibrium using GENEPOP 4.2.1 140 (Rousset 2008) after sequential Bonferroni correction to account for multiple tests. We 141 discarded from further analyses any locus showing significant gametic disequilibrium and/or 142 evidence of null alleles, leading to a total of 13 and 17 loci for G. occitaniae and P. phoxinus 143 respectively (Appendix S1). 144 As a measure of genetic α-diversity, we computed -for each species-the allelic 145 richness as the mean number of alleles across loci for a standardized sample size of 20 using 146 ADZE 1.0 (Szpiech et al. 2008) . As a measure of genetic β-diversity, we used three common 147 indices based on allelic frequencies: Rousset's linearized F ST (F ST /(1-F ST )), hereafter denoted 148 as F ST (Rousset 1997), Nei's version of Cavalli-Sforza's chord distance Da (Nei et al. 1983 ) 149 and Jost's D (Jost 2008) . Whatever the dataset, these three indices were highly correlated 150 (Mantel r > 0.85, p <0.001): for the sake of simplicity, we thus only retained F ST as a measure 151 of genetic differentiation. This metric of genetic differentiation is indeed the most commonly 152 used on population genetics and most theoretical works have been developed on this metric. 153 Phenotypic data. Individuals morphology was analysed using a landmark-based 154 geometric morphometrics approach (Rohlf and Marcus 1993) . Sixteen homologous landmarks 155 were defined so as to capture the overall body shape of each individual (Fig. 2) . Landmarks 156 coordinates were obtained from digitized pictures using the Pointpicker plugin translation and scale on shape variation. Relative warps (n = 32) were computed for each 163 individual by performing a Principal Component Analysis (PCA) on the aligned landmark 164 coordinates of each species (Rohlf 1993) . As the majority of the 32 relative warps explained a 165 very small amount of variation, we only conserved for further analyses the first nine relative 166 warps that together explained more than 85% of the variance in each data set (85.69% and 167 85.32% for G. occitaniae and P. phoxinus respectively). These relative warps were used as 168 shape variables. Individual centroid size, which is the square root of the sum of squared 169 distances from landmarks to their centroid, was used as a surrogate of overall body size of 170 each individual (Bookstein 1991).
171
Since relative warps are PCA coordinates, they can be seen as coordinates in a nine and informing the proportion of the total shape space that is not shared between two 184 populations from a given pair: F β ranges from 0 to 1, with 0 indicating a perfect overlap in shape space occupation and 1 187 indicating that no space is shared between two populations. Intermediate F β can result from 188 two (non-exclusive) mechanisms: turnover (the two populations fill distinct parts of the shape 189 space with weak overlap) and nestedness (one population fills a small proportion of the shape 190 space filled by the other) (Baselga 2010 , Villéger et al. 2013 . Consequently, we further 191 computed F pturn , the proportion of F β that is due to trait turnover so as to tease apart the effect 192 of nestedness and turnover. Because of computing limitations, these two indices were 193 computed only from the first three relative warps coordinates. All indices were computed 194 using functions available at http://villeger.sebastien.free.fr/Rscripts.html.
196
Collection of environmental data 197 We gathered several variables related to environmental characteristics and river 198 topography. These variables are likely to impact intraspecific diversity through evolutive 199 and/or neutral processes. General predictions related to the effect of each variable on 200 intraspecific diversity are listed in Table 1 .
201
Environmental characteristics. Substrate type covering the river bed (i.e. the habitat 202 for these fish species) was evaluated visually on each site following a predefined protocol: 203 substrate was classified into nine categories based on particle size, ranging from silt (< 204 0.05mm) to solid bedrock (see Table S3 ), and the percentage of each category composing the 205 river bed of each site was estimated visually within a predefined area of ~100 m 2 that was 206 representative of the sampling area. From these data, habitat heterogeneity was computed as At the α-level, we defined a causal model in which intraspecific genetic and 269 phenotypic diversity were both linked one to the other and linked to oxygen saturation, water 270 temperature, habitat heterogeneity, chemicals1, chemicals2, connectivity, isolation, and 271 habitat area (see Table 1 for specific predictions). As some of the topological and Alpha-and β-intraspecific diversity 314 Both genetic and phenotypic α-diversity were higher for P. phoxinus than for G. 315 occitaniae (Wilcoxon rank sum tests, W = 149, P < 0.001 for genetic α-diversity; W = 340, P 316 < 0.001 for phenotypic α-diversity; Fig. 3a and 3b) , indicating that minnow populations were 317 on average more diverse genetically and phenotypically than gudgeon populations. However, 318 within-species, we did not find significant correlations between genetic and phenotypic α-319 diversity (i.e. α-GPIDCs) for any of the two species (Spearman rank correlation tests, ρ = 320 0.105, P = 0.521 in G. occitaniae and ρ = 0.016, P = 0.927 in P. phoxinus, Fig. 4a and 4b ).
321
Mean between-sites genetic β-diversity was in average lower in G. occitaniae than in 322 P. phoxinus (Wilcoxon rank sum test, W = 245, P < 0.001, Fig. 3c ), whereas the reverse held 323 true for mean phenotypic β-diversity per site (Wilcoxon rank sum test, W = 1284, P < 0.001, 324 Fig. 3d) ; gudgeon populations were -in average-less genetically differentiated than minnow 325 populations but more phenotypically differentiated. The fact that G. occitaniae populations 326 were more phenotypically differentiated was confirmed using F β (Wilcoxon rank sum test, W 327 = 1259, P < 0.001; Fig. S5 ). We further found that phenotypic turnover (measured as F pturn ) 328 was also higher for G. occitaniae populations than for P. phoxinus populations (Wilcoxon 329 rank sum test, W = 981, P < 0.001; Fig. S5 ). Remarkably, for 116 out of 741 populations pairs 330 of gudgeon, F β and F pturn were equal to 1, indicating no overlap in the portions of the shape Table 2a ). In G. occitaniae, we found a negative 341 effect of isolation on both genetic and phenotypic α-diversity, indicating that populations 342 were genetically and phenotypically impoverished in sites situated at high altitude and far 343 from the river mouth. Additionally, phenotypic α-diversity tended to be negatively related to 344 connectivity (Fig. 5a ). In P. phoxinus, genetic α-diversity was also negatively related to 345 isolation, but not phenotypic α-diversity ( Fig. 5b) . Genetic α-diversity was also positively 346 related to habitat area. Phenotypic α-diversity was negatively correlated to oxygen saturation, 347 which was in turn positively associated with isolation and habitat area (Fig. 5b) . Table 2b ). For G. occitaniae, genetic β-diversity was positively related 351 to the cumulative difference in altitude, which was itself related to riverine distance (leading 352 to an indirect relationship between genetic β-diversity and riverine distance, Fig. 5c ).
353
Phenotypic β-diversity was positively correlated to three environmental variables (difference 354 in oxygen concentration, difference in water temperature and habitat dissimilarity, Fig. 5d ).
355
Additionally, we found a positive relationship between genetic and phenotypic β-diversity 356 (Fig. 5d ). Regarding P. phoxinus, genetic β-diversity was positively related to riverine 357 distance both directly and indirectly through difference in altitude and difference in habitat 358 area. Genetic β-diversity was also negatively related to difference in oxygen. Phenotypic β-359 diversity was directly related to difference in connectivity and indirectly related to pairwise 360 riverine distance through difference in altitude and habitat area (Fig. 5d) . In this study, we tested for Genetic-Phenotypic Intraspecific Diversity correlations 381 (GPIDCs) in two parapatric freshwater fish species, and explored the processes shaping the 382 spatial distribution of their genetic and phenotypic characteristics. Our results revealed 383 disparities in the distribution of genetic and phenotypic diversity in the two species, as well as and gene flow on phenotypic diversity, which is likely as local adaptation does not appear to 488 be high in this species.
490
We found no GPIDCs at the α-level in either species, indicating that neutral genetic α-491 diversity and phenotypic α-diversity are driven by independent processes. Although consistent 492 with our theoretical expectations, this result was surprising in G. occitaniae as we found a 493 similar impact of isolation on genetic and phenotypic α-diversity. This absence of correlation 494 suggests that the influence of other processes (related to connectivity) were strong enough to 495 break spatial covariation between these two facets of diversity in this species.
496
At the β-level, we found a significant and positive GPIDC in G. occitaniae, such that 497 populations being genetically different were also phenotypically different. However, this 498 correlation did not seem to originate from similar environmental processes shaping both 499 facets of β-diversity but appeared to be mainly caused by a direct effect of one facet of β-500 diversity on the other. It was not possible to statistically determine the direction of this 501 relation (genetic diversity to phenotypic diversity or phenotypic diversity to genetic diversity) 502 due to methodological limitations. However, given that we focused on neutral genetic 503 markers, a direct impact of genetic β-diversity on phenotypic β-diversity seems unlikely 504 except if we assume (i) that the here chosen microsatellite markers properly reflect the 505 genomic diversity in this species and (ii) that phenotypic diversity in this species is mainly 506 driven by the genetic background of individuals. Alternatively, positive assortative mating 507 (i.e. the propensity to mate with phenotypically similar individuals) has been shown to be 508 particularly strong in fish (Jiang et al. 2013 ) and could explain this direct relation between 509 phenotypic and genetic differentiation (Wang and Summers 2010). Yet, although our dataset 510 encompasses the main environmental variables known to be involved in adaptive and neutral processes in freshwater fish, we cannot rule out the influence of a possible unmeasured abiotic 512 or biotic factor impacting both facets of β-diversity. In P. phoxinus, genetic and phenotypic β-513 diversity were not correlated despite of a similar impact of habitat area on both facets of 514 diversity. Other important processes involving riverine distance and connectivity could 515 impede spatial covariation between these two facets of diversity in this species. and phenotypic diversity are clearly interrelated but are mainly studied separately in 532 population genetics and functional ecology. We advocate for a greater integration across 533 disciplinary boundaries in future studies in order to advance our understanding of the 534 distribution of intraspecific diversity.
(a) Environmental variables Expected influence on intraspecific α-diversity
Habitat heterogeneity
Highly heterogeneous sites should harbour populations with higher phenotypic α-diversity. Neutral genetic α-diversity should not be affected.
Chemicals1
Stressful conditions (i.e. high concentrations of chemicals, low oxygen saturation, high temperature) should reduce phenotypic αdiversity by strengthening selective pressures. They should also reduce effective population size and hence both neutral genetic and phenotypic α-diversity through genetic drift.
Chemicals2
Oxygen saturation
Temperature
Habitat area
Populations living in large habitats should harbour high population sizes and experience low genetic drift (Prunier et al. 2017 ), hence increasing both neutral genetic and phenotypic α-diversity.
Connectivity
Sites with high connectivity should receive a high proportion of migrants and hence harbour populations with higher genetic and phenotypic α-diversity.
Isolation
Highly isolated sites should suffer higher genetic drift relatively to gene flow (Fourtune et al. 2016 ), hence reducing both neutral genetic and phenotypic α-diversity.
(b) Environmental variables Expected influence on intraspecific β-diversity
Habitat dissimilarity Sites with highly dissimilar abiotic conditions should display high phenotypic β-diversity due to divergent selection. Additionally, if gene flow between environmentally different sites is hindered by the maladaptation of immigrants (isolation-by-environment, Sexton et al. 2014), we also expect a high genetic β-diversity between environmentally dissimilar sites.
Difference in chemicals1
Difference in chemicals2
Difference in oxygen saturation
Difference in habitat area
Heterogeneity in the intensity of genetic drift between sites due to contrasting population sizes should increase both neutral genetic and phenotypic β-diversity (Prunier et al. 2017) .
Difference in connectivity
Dissimilarities in the intensity of gene flow experienced by populations due to contrasting connectivities should increase both neutral genetic and phenotypic β-diversity (Prunier et al. 2017).
Riverine distance
Sites highly isolated one from each other should experience a decrease of the homogeneizing effect of gene flow and an increase of genetic drift between them (isolation-by-distance, Hutchinson and Templeton 1999), hence enhancing both genetic and phenotypic β-diversity. Cumulative altitude difference including all paths described in the main text) until reaching the models with the lowest AIC score 782 represented in Figure 5 . 
